Abstract In this work, we studied human head motions during upper extremity motor task, conducted in functional magnetic resonance imaging (fMRI) studies. The experiments were performed on a mock up of the MRI bench. Three kinds of linear movements in the caudal-cranial, left-right and anterior-posterior directions, a reaching movement as well as single joint movements at shoulder, elbow and wrist, were investigated at three different speeds with the right arm. Optical markers tracked by a high-precision motion tracking system were used to detect head and arm movements. For each task, the head moved principally in the direction of right-caudal-posterior to left-cranial-anterior, parallel to the line from the right shoulder joint to the head . No principal rotation axis was observed. The translational and rotational head motions were mm and , respectively. We then applied a special head fixation to stabilize the head, and repeated all the experiments. The translational and rotational head motions were significantly suppressed by 78% and 73%, to the range of mm and .
I. INTRODUCTION
ell-controlled, repeatable sensory-motor tasks combined with neuroimaging techniques will yield a better understanding of the human sensory-motor system and, thus, contribute to better clinical therapy evaluation, treatment planning and rehabilitation strategies for patients after damage to their central nervous system [1] [2] [3] . Among the neuroimaging techniques, Magnetic Resonance Imaging (MRI) is an established clinical diagnostic method and with its functional applications (fMRI), an advanced research tool in neuroscience. It has been successfully used to investigate developmental, training-induced and post-lesion brain plasticity [4, 5] .
Head motion is a major source for fMRI data quality deterioration, leading to fMRI image artifacts and false detections and misinterpretations of brain activities [6] [7] [8] [9] [10] . Head motions associated with fMRI tasks are potentially more significant, while the brain responses during these tasks are the information of interest. Therefore, they are of special importance. Seto and coworkers investigated the head motion associated with two simple fMRI motor tasks: finger tapping and ankle flexion [10] . In their study, the range of head motion was approximately 2.0 mm for stroke patients, with the predominant motion being pitch rotation (nodding) and translation in the superior -inferior direction. A recent study has shown that head motion in children during fMRI language tasks can go up to 0.813 voxel of dimension 4.0×4.0×5.0 mm 3 , calculated with the pyramid method of co-registration [11, 12] . Both studied head motions are problematic for a typical fMRI voxel size of 1.5×1.5×1.5 mm 3 [13] . Besides, it has been reported that the degree of head motion during fMRI experiments depends on age, sex, and fMRI tasks [11] .
To overcome the problem of head motion artifacts, many methods have been developed either to suppress head motion, or to correct motion artifacts in fMRI images. Different real-time feedbacks provide the head motion information to the subjects during fMRI scanning, so that they can stabilize the head position voluntarily [9, 14] . Methods for image correction include data processing in k-space [14] , motion tracking [7, 15] , prospective acquisition correction [6] , realignment of volumetric image data [8] , etc. However, all these methods can only suppress, or detect and correct, a certain part of head motion. Errors with fMRI motion correction software tools goes higher than 10% of the simulated head motion values, without taking into account several potentially influential sources of noise yet [12, 16] . In addition to limited accuracy, other drawbacks with image correction are temporal delay, trade off in scanning efficiency, computation overhead, and blurring effects, etc [6, 7, 16] .
In robot-supported fMRI motor studies, the human subject interacts with the robotic system to achieve defined functional kinesthetic stimuli or to perform defined functional movements, such as a virtual spring [1, 5, 17, 18] . This interaction involves stronger force and larger movement range, compared to finger tapping, ankle flexion, or language tasks. Therefore, head motion can be elevated, and result in undesirable image artifacts.
In this work, we investigated human head motion during designed functional motor tasks with upper extremities. Seven designed motor tasks were conducted with passive guidance, and the corresponding head motion was recorded and afterwards analyzed to determine the head motion pattern. A head fixation system was applied to stabilize the head, and the experiments were repeated. Finally, we compared the head motion before and after the head fixation was applied, to evaluate the efficiency of th is fixation.
Tracking and Analysis of Human Head Motion during Guided fMRI Motor Tasks

II. METHOD
A. Experimental Setup
The subject was laid on an experimental bench ( Fig. 1) . A cushion was used to make the subject feel as comfortable as lying on the MRI bench. The head motion was measured by a VICON MX40 system with four cameras of four Megapixel resolution. The accuracy of this system is better than 0.1 mm. Eleven IR-light reflecting markers were used to track head motion, arm and hand movements, as well as static reference points. Four markers were fixed on the head, with two on the forehead and one at each cheekbone. The markers were fixed at the bone position to minimize measurement errors due to face muscle contractions. Two markers were placed on the bench, and another one on the ground. Signals from these three markers tell whether the experimental setup was stable and the motion data was recorded with sufficient accuracy. The eighth marker was fixed on the shoulder, the ninth at the elbow, and the tenth at the wrist. The last marker was attached onto the handbar to monitor its position. The motor tasks were performed with the linear guidance of a moving rod with two stops. This configuration assured good repeatability in terms of the direction and range of hand or arm movements. The distance between the two stops was predefined.
The head fixation consisted of a vacuum pillow and a head strip (Fig. 1, left bottom) . The vacuum pillow was aimed to stabilize the head. The head strip did not prohibit head motion, since it was not tightly fastened. However, it would help the subject to realize the head motion, and consequently, enhance voluntary head stabilization.
B. Experimental Procedures
Five subjects were asked to use their right arm to perform seven different tasks in three different frequencies of 0.16 Hz, 0.33 Hz and 0.66 Hz, corresponding slow, medium, and fast movements. The medium movement was an applied fMRI experimental paradigm, and the slow and fast movements were half and twice as fast, respectively. Both the sequence of different movements and the sequence of three frequencies for each movement were randomized to avoid any sequence artifacts to the measurement ( Fig. 2) . Different frequencies were indicated by a periodic beep-signal, which was rehearsed three times before the subjects started to move. The subjects performed the following defined movements with their right arm/hand (Fig. 3): I. Move the hand in the caudal-cranial direction (parallel to the spine), from the corpus sterni 30 cm to the caudal direction and back; II.
Move the hand in the left-right direction, in the intertubercular plane, 20 cm range symmetric to the spine ; III.
Move the hand in the posterior-anterior direction, in the sagittal plane, perpendicular to the spine axis, from the belly point 20 cm up and down; IV.
Move the hand from the corpus sterni to reach the left vertex of the pelvis and back; V.
Move the shoulder joint parallel to the spine between the two extreme positions, while the arm was laid beside the body and parallel to the spine; VI.
Extend and flex the elbow joint between the two 30°5 extreme positions, while the upper arm was laid beside the chest and parallel to the spine; VII.
Extend and flex the wrist joint between the two extreme positions, while the upper arm was laid beside the chest and parallel to the spine.
Movements I~III were linear movements, movement IV was a reach movement, and movements V~VII were single joint movements. The experiments were firstly carried out without head fixation. Then, the vacuum pillow and head strip were taken to stabilize the head and the whole experiment was repeated with the head fixation installed. 
C. Rigid Transformation
We assume that the human head and the four markers comprised a rigid body, and the motion of the head and the four markers in space was rigid body motion (Fig. 4) . Consequently, we have the following rigid body transformation [19, 20] :
Here, is the initial coordinates of marker i, and is the coordinate of marker i at the k-th frame. is the homogenous representation of the rigid body motion from the initial frame to the k-th frame.
consists of a translation vector , and a rotation matrix , a member of the rotation group [19] . N is the total frame number. For coordinates can be obtained from the motion tracking system. Therefore, Thus, Ideally, the resulted is in the form of the equation for ideal rigid body motion. However, this is not the real case due to measurement inaccuracies and relative movements of the four markers. To deal with this problem, an explicit least square solution based on singular value decomposition of a related matrix, is employed [21, 22] . This method fits the measured data into the assumed rigid body transformation model and minimizes the fitting error. It is equivalent to another method called unit quanternions [23] that has been used in [24] .
The head motion is now characterized by , or by the translational component and the rotational component . By an intuitive interpretation, the rotation is equivalent to a rotation about a fixed axis through an angle , and the translation is equivalent to a translation along the direction [19] . Therefore, the head motion can be quantified by four parameters: , , , and .
D. Head Motion Pattern
The head motion within one fMRI brain scan, which takes about one to three seconds, brings spatial encoding error of fMRI images, while the head motion between different scans of the same fMRI session brings false functional activation information. We focus on the overall head motion associated with a certain movement under a certain frequency. Principal component analysis (PCA) [25] , was adopted to find out the translational head motion pattern. Suppose that there are a block of motion vectors , . The PCA method finds out the mass center C, three principal direction vectors , originating from C and for and three scalars (Fig. 5 ), such that:
Without loss of generality, we assume . Then, the largest magnitude of head motion is , in the direction of .
For each movement, we have a cluster of from different subjects and different frequencies. The PCA method is applied again to all the directional vectors to determine the principal head motion direction associated with this movement, while the average of all values is taken to be the head motion amplitude with this movement.
For each rotational movement, we also take the PCA method for all rotational axes to find out the principal rotation direction associated with this movement, and the average of values is considered as the rotation angle.
III. RESULTS
A. Temporal Stability of the tracking system
The stability of the motion tracking system was verified by the recorded position signal of the reference marker 7, which was put on the floor and remained static during the whole experiment. For each experiment session, we calculated the standard deviation of recorded position signal, and it was always much smaller than 0.1 mm ( Fig. 6 ). 
B. Principal translational head motion direction
For shoulder joint movement, the head mainly moved from right-caudal to left-cranial direction. This can be explained by the fact that the shoulder movement M-V was in the coronal plane, not involving the anterior -posterior direction. For all other arm movements, the principal head motion was from right-caudal-posterior to left-cranial-anterior, parallel to the line from the right shoulder joint to the head (Fig. 7) .
With the head fixation installed, the head motions in the left-right and anterior-posterior direction were significantly reduced. The head motion in the caudal -cranial direction also decreased, with a smaller scale. Fig. 7 The vectors demonstrate the principal head motion directions and amplitudes for the seven fMRI tasks 
C. Translational head motion amplitudes
When no head fixation was used, the arm movements led to head motion of 1.7 mm to 8.4 mm. The shoulder movement produced the biggest head motion, since it directly acted on the neck and the head.
When the vacuum pillow and head strip was used to stabilize the head in the left-right direction, head motion amplitudes were significantly reduced by 78% on average, in the range of 0.3 mm to 2.4 mm. It was the shoulder joint again that produced the biggest head motion .
The head motion was much smaller when no a rm motions observed mainly resulted from the arm movements. However, no clear impact was observed by the moving speed to the head motion amplitude.
D. Rotational head motion axes
There was no principal rotation axis (Fig. 9 ). After the head fixation was installed, the rotation by the X-axis (caudal-cranial direction) was significantly suppressed .
E. Rotational head motion amplitudes
The rotational amplitudes were smaller than without head fixation, with the shoulder joint producing the biggest rotation. With the head fixation, rotational movements were also significantly suppressed by 73% in average, in the range of (Fig. 10) .
IV. CONCLUSION AND DISCUSSION
Head motions induced by subject-active arm movements were bigger than one millimeter, happened mainly in the direction of the right shoulder joint to the head, and can be effectively suppressed by a vacuum pillow combined with a head strip.
All the investigated motor tasks are voluntary movements which were guided by a passive sliding device. Bigger head motion can be expected during interactive motor tasks. Therefore, effective head fixation is necessary. The head fixation method used in this work effectively suppressed the head motion in the left-right and the anterior-posterior direction. Further work can be done to stabilize the head in the caudal-cranial direction.
All the investigated motor tasks were unilateral movements, which could be a reason for the fact that the head motion mainly happened in the left -right direction.
V. ACKNOWLEDGMENT
The authors would like to thank Mr. Ukelo Thomas and Dr. Alex Stacoff for their technical support on the motion tracking system facility. 
